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Introduction
Macrocyclic complexes of iron and cobalt have proven useful in the development of a better dioxygen reduction catalyst for a fuel cell ( I ) cathode . ln this regard phthalocyanine species are of particular interest (2-4 , 7 -9 , 16, l7). Recently we have reported (30) data for a series of binuclear cobalt phthaiocyanine complexes whose electrocatalytic activity exceeds that of the mononuclear control molecule [3,9,16,23- tetra(neopentoxy)phthalocyanatolcobalt(Il),2 I Uy an amount proportional to the degree of molecular electronic coupling within the binuclear system, During these studies, control data were collected for mononuclear complex I on various graphite substrates over a range of pH. The earlier work on the binuclear phthalocyanines was undertaken by depositing the phthalocyanine onto ordinary pyrolytic graphite (OPG) (30) , but at that time no variable pH data were obtained. To obtain pH dependence data, this study was repeated on highly oriented pyrolytic graphite (HOPG) which is much more efficient to use since its surface can be prepared (renewed) much more readily than that of OPG. A tetranuclear species (46) was also studied. These data are now reported. Possible On the OPG surface, the phthalocyanine surface concentration calculated to be present varies with the cleaning procedure, An OPG electrode polished by alumina, and washed only by distilled water yields a lower coverage ( Fig. 1 .B) than an electrode in which the surface after the alumina treatment is further cleaned using a clean wet polishing cloth or ultrasonic cleaner. In the former case a highly hydrophilic surface is formed, presumably covered by alumina particles which can block the adsorption of TNPc. The surface cleaned using the second method is hydrophobic, as judged qualitatively from the water contact angle, and the amount of adsorbed TNPc is higher (Fig. lA) . Thus the degree of coverage is variable and dependent upon the details of cleaning (55, 56 (54, 56) . The coverage, f, then approaches a monolayer (Fig. 1C) . Compounds 2-7 may be similarly adsorbed but no evidence was collected to determine their detailed surface behaviour. (Fig.2b ).
An HOPG electrode surface modified with a layer of the At a more negative potential, a second reduction wave is observed (Table 2) , which corresponds to the successive reduction of hydrogen peroxide to water. Scanning positively again after the first reduction peak yields a hydrogen peroxide reoxidation wave at about 0.2 V (Fig. 2c) (12) , explaining why the hydrogen peroxide to water reduction process is not observable in alkaline solution.
(b) Rotating disc and ring disc electrode (RDE and RRDE) studies TNPc(-2)l-pH dependence (Fig. 3a) . be observed at * 170 mV (Fig. 2c) .
The magnitude of the limiting current, is, in rhe RDE diox_ As shown inFig.2b, with excess dioxygen, the anodic peak ygen redudtion wave depends liiearly on th1 square root of the (observed under argon) corresponding to the re-oxidation of iotation rate in the range of 400-250b rpm sion limited RDE plateau is given by (68) l3l ir-= 0.620nFAD 2t3Ortzu-t/6Cox where O : !f/60 (1 in.rpml. The terms p{3p-tr6go* : 1.77 x l0-'molcm-zs-riz calibrated with a platinum electrode assumed to be well behaved (73) and to provide a fourelectron limiting wave, and the kinematic viscosity, v,:9.97 x 10-3cm2/s. The expression yields a limiting two-electron current of 1066 pA at 900rym compared with an experimental value of 1075 pA (complex 1) (Fig. 2D ).
Logarithmic analysis of the cunent, i, i.e., a plot of potential versus logli/{iy -i)l yields a value falling between -I l0 and -l30mv/pH unit (Tafel slope) through the pH range from ca. 1.0 to 13, with a regression coefficient generally of 0,999, This corresponds to a charge transfer coefficient, a : 0.5 and a one-electron rate-determining step, a common observation with cobalt macrocycle catalysts which reduce dioxygen to hydrogen peroxide (14, 14) . Similar results are obtained for the binuclear and polynuclear species described immediately below.
Finally, a rotating ring disc experiment (RRDE, OPG, gold ring), with the ring polarised to oxidise any hydrogen peroxide which may be formed, provides additional proof of the generation of hydrogen peroxide in this experiment (at pH 9.2, Fig. 4 ).
(iii) Binuclear and tetqnuclear species, i-7, adsorbed on to HOPG Figure 3D -l illusrates the pH dependence of the Co(II)/Co(I) couple under argon, and the dioxygen reduction peak potentials, as a function of pH, for complexes [3] [4] [5] [6] [7] .ln all cases, and similar to the monomeric species I the Co(lI)/Co(l) couple has a ca. -(60-70) mV/pH unit dependence in the acid regime, betweenpH I and ca. 5.0, and then becomes pH independent,3
The dioxygen reduction wave appears at some 200-250 mV more positive a potential than the Co(ll)/Co(l) wave, in the alkaline range, dropping to about 50 mV more positive in the acid range. However, there is characteristic difference between the polynuclear species and the control species 1. In the latter, the slope of the dioxygen reduction wave is ca. -65 mV/pH in the acid range, but for the polynuclear species it is invariably significantly smaller (Table 4) . Indeed, the dioxygen reduction wave and Co(II)/Co(I) wave in these polynuclear species will occur at essentially the same potential near pH0 (see intercept in Table 4 ).
(iv) Mechanism A slope of less than -65mV/pH can arise through the inclusion partially or wholly of a concerted two-electron dioxygen reduction process in the polynuclear species. That this is observed with the polynuclear species and not the mononuclear is quite credible. Consider, for example, the concerted process [7] , [8] t1) Bridge (69, 75) .
